ABSTRACT
V aricella-zoster virus (VZV), a neurotropic alphaherpesvirus, is the etiologic agent of varicella (chickenpox) and herpes zoster (HZ, shingles). Primary VZV infection likely occurs through inhalation of virus either in respiratory droplets (1, 2) or from shedding varicella lesions (3) or through direct contact with infectious vesicular fluid (4) . VZV establishes latency in sensory ganglia during primary infection, and reactivation can cause HZ, which is typically a disease of the aged and immunocompromised (5, 6) . While rarely life threatening, HZ can result in several morbidities, including postherpetic neuralgia (PHN), a debilitating pain that can persist for months to years after the resolution of rash (7), chronic ocular inflammation with permanent blindness in severe cases (8) , vertigo and hearing loss (9) , and myelitis and focal vasculopathies (10) .
Clinical observations highlight the importance of cell-mediated immune responses in controlling VZV infection and reactivation. Specifically, a lack of immunoglobulin production due to agammaglobulinemia does not complicate the outcome of varicella in children (11) . In contrast, T cell deficiencies, including congenital deficiencies or those induced by HIV infection or immune suppression, lead to severe and disseminated varicella (12) (13) (14) (15) (16) . Moreover, the administration of immunoglobulins with high titers of IgG antibodies to VZV is only protective when treatment occurs within 72 h of exposure (17) (18) (19) . Similarly, a higher incidence of herpes zoster in aged patients is associated with dimin-ished T cell proliferation to VZV antigens in vitro, while antibody titers remain stable (20) . Finally, several studies investigating the correlates of protection against herpes zoster have showed an inverse correlation between cellular but not humoral immunity and disease severity (21) (22) (23) (24) . Thus, the development of a VZV vaccine that does not establish latency but elicits a protective T cell response remains a significant objective.
There are currently two FDA-approved VZV vaccines, both of which contain the live-attenuated Oka strain of VZV. Although vaccine Oka is clinically attenuated, it can cause mild varicella, establish latency, and in extremely rare cases, reactivate to cause herpes zoster (25) (26) (27) . Vaccination with one dose of Varivax resulted in approximately 80% reduction of varicella incidence; however, breakthrough varicella in vaccinated children prompted the addition of a second dose to the vaccination protocol in 2006 (28) (29) (30) . Since then, the incidence of chickenpox and annual varicella-related hospitalizations and deaths in the United States has decreased by 97% (31) . Vaccination with Zostavax reduces the incidence of HZ by 51% and the burden of disease (including postherpetic neuralgia) by 61% (32, 33) . Unfortunately, immunological analyses show that VZV-specific T cells and IgG titers decline within the first year, and reports indicate that vaccine efficacy is uncertain beyond 5 years postvaccination (34, 35) . There are currently four independently manufactured commercial preparations of the Oka vaccine used by different countries. Additionally, within vaccine Oka, there is a mixture of distinct genetic haplotypes (36) , and there is evidence to suggest that such differences could affect the immunogenicity of the different formulations (37) (38) (39) . The assessment of opportunities for improving vaccine efficacy requires a better understanding of host-pathogen interactions during primary VZV infection, latency, and reactivation, as well as the definition of humoral and cellular correlates of protection. The availability of a robust animal model would facilitate these studies; however, these efforts have been hampered by the inability of VZV to cause varicella or HZ disease in laboratory animals in studies to date.
Studies utilizing guinea pigs have provided experimental support for VZV transmission between animals via aerosolized droplets (40, 41) , the administration of varicella zoster immunoglobulin (VZIG) as a prophylactic for VZV infection (42) , and the development of the varicella zoster skin test (43) . A rat model has been developed in order to gain a better understanding of PHN, and the results of studies using this model suggest that viable VZV is necessary to infect axons, while viral replication is not necessary for VZV-induced pain (44, 45) . The use of the SCID-hu mouse model has facilitated the evaluation of the role of several VZV genes in vivo, revealed that both CD4 and CD8 T cells support VZV replication and may play a critical role in trafficking VZV to the skin, and provided insight into VZV neurotropism (46) (47) (48) (49) (50) (51) . However, these animal models do not develop clinical symptoms that closely mirror VZV disease seen in humans, nor do they develop both an innate and adaptive immune response to VZV, and therefore, they do not provide a functional model to evaluate new VZV vaccines.
Several reports have documented naturally acquired varicella in apes (52) (53) (54) . Moreover, intradermal inoculation of chimpanzees resulted in viremia, but the rash was limited to near the site of inoculation (55) . In contrast, experimental inoculation of both New and Old World monkeys with VZV did not result in clinical disease. Specifically, VZV inoculation of marmosets (Callithrix jacchus) via the combined oral-nasal-conjunctival route resulted in seroconversion and isolation of VZV from the lungs but no varicella rash (56) . Similarly, seroconversion in the absence of rash was detected in patas monkeys (Erythrocebus patas) inoculated intratracheally with VZV (57) . Lastly, cynomolgus monkeys inoculated intratracheally generated a T cell and antibody response to VZV, but VZV DNA was detected in bronchoalveolar lavage (BAL) samples 4 days postinfection only, which most likely reflected the initial inoculum (58) . Substantial evidence pertaining to the establishment of VZV latency has not been obtained in studies utilizing apes or nonhuman primates. Therefore, a gap exists in identifying an ideal animal model to study VZV.
Simian varicella virus (SVV), a primate alphaherpesvirus, is genetically similar to VZV (59) (60) (61) (62) . The SVV and VZV genomes share 70 to 75% DNA similarity (63) and are colinear with respect to genome organization (61) . Numerous studies have confirmed antigenic relatedness between SVV and VZV (59, (64) (65) (66) (67) . We have shown that intrabronchial inoculation of Indian rhesus macaques (RMs; Macaca mulatta) with SVV reproduces the hallmarks of acute VZV infection in humans, including (i) viremia, (ii) generalized varicella, (iii) T and B cell responses, (iv) resolution of viremia and varicella, and (v) establishment of latency in only ganglionic neurons (68) . Therefore, in this study, we inoculated rhesus macaques with VZV intrabronchially in order to determine whether this inoculation route would result in a model that more faithfully recapitulates the cardinal features of human infection with VZV and provide protection against challenge with SVV. Of importance, our findings demonstrate cross-protection through abortive infection.
MATERIALS AND METHODS
Animals and sample collection. This study was carried out in strict accordance with the recommendations described in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health, the Office of Animal Welfare, and the United States Department of Agriculture. All animal work was approved by the Oregon National Primate Research Center Institutional Animal Care and Use Committee. All procedures were carried out under ketamine anesthesia in the presence of veterinary staff, and all efforts were made to minimize animal suffering. A total of 4 colony-bred Rhesus macaques of Indian origin (age 4 to 5 years) were inoculated intrabronchially with 1 ϫ 10 6 PFU wild-type (WT) varicella-zoster virus (VZV) strain KMcC as previously described (68) . All animals were seronegative to both VZV and SVV prior to inoculation. Whole-blood (WB) and bronchial alveolar lavage (BAL) samples were collected at intervals. Two animals were euthanized 84 days postinfection (p.i.) to evaluate the establishment of VZV latency. The two remaining animals (RM 26244 and RM 26362) were challenged intrabronchially with 4 ϫ 10 5 PFU wild-type simian varicella virus (SVV) 189 days post-VZV infection, along with four additional VZV-naive control animals, and were euthanized 56 days post-SVV challenge. Cells from BAL fluid were pelleted and resuspended in RPMI supplemented with 10% fetal bovine serum (FBS) and streptomycin-penicillin and L-glutamine (PSG). Peripheral blood mononuclear cells (PBMC) were isolated by centrifugation over a density gradient cell separation medium (Corning, Manassas, VA) according to the manufacturer's recommendation. Cells were stored in FetalPlex (Gemini Bio Products, West Sacramento, CA) supplemented with 10% dimethyl sulfoxide (DMSO) and cryopreserved in liquid nitrogen. Intact sensory ganglia, including trigeminal ganglia (TG) and cervical, thoracic, and lumbar-sacral dorsal root ganglia (DRG-C, DRG-T, and DRG-L/S, respectively), were divided, flash frozen, and stored at Ϫ80°C until analysis. per well) , VZV or SVV viral lysate (1 g per well), phorbol myristate acetate (PMA)-ionomycin (1 g/ml), or DMSO (1 g/ml) for 1 h, followed by the addition of brefeldin A (Sigma) for an additional 14 h. Peptides 18 amino acids in length and overlapped by 10 amino acids were provided with a guaranteed purity range of between 65 and 75% (SigmaAldrich, St. Louis, MO). Lyophilized peptides were reconstituted at a concentration of 10 mg/ml in sterile endotoxin-free DMSO and stored at Ϫ80°C. Peptide pools for each ORF were prepared for VZV and SVV by combining all peptides at 1 g/ml final concentration. VZV and SVV cell lysates were obtained by centrifugation and sonication of infected cells. After incubation, cells were stained with antibodies against CD8␤ and CD4, fixed, and permeabilized as described above before the addition of antibodies directed against gamma interferon (IFN-␥) (eBioscience). Samples were analyzed using the LSRII instrument and FlowJo software.
ELISA. Enzyme-linked immunosorbent assay (ELISA) plates were coated with VZV or SVV cell lysate overnight at 4°C, washed, and incubated with heat-inactivated (56°C for 30 min) plasma samples in 3-fold dilutions in triplicate for 1 h. For antibody titers against VZV glycoprotein E (gE), nickel plates were coated with His tag-purified gE (generous gift from Merck Sharp and Dohme Corp.). After washing, horseradish peroxidase (HRP)-conjugated anti-rhesus IgG (Fitzgerald Industries, Acton, MA) was added for 1 h, the plates were washed, and o-phenylenediamine (OPD) substrate (Sigma) was added. The reaction was stopped with the addition of 1 M HCl after 20 min, and the plates were read on an Infinite F50 plate reader (Tecan, San Jose, CA) at 490 nm. All washes were done in triplicate with 0.05% Tween-phosphate-buffered saline (PBS). IgG endpoint titers were calculated using log-log transformation of the linear portion of the curve and 0.1 optical density (OD) units as the cutoff. The IgG titers were standardized using a positive-control sample that was included on every ELISA plate.
Plaque reduction assay. Serial 2-fold dilutions of heat-inactivated RM plasma collected prior to VZV inoculation and at 84 days p.i. were incubated with approximately 100 PFU of VZV strain KMcC for 30 min at 37°C. Virus-plasma samples were then added in triplicate to MRC-5 cell monolayers and incubated for 4 days at 37°C. Monolayers were fixed with methanol and stained with crystal violet to visualize the plaques. The neutralization percentage was calculated based on the reduction in the number of plaques compared to the number in wells that did not receive plasma.
Cytokine analysis. Plasma and BAL specimen supernatant stored at Ϫ80°C were thawed and diluted 1:2 in serum matrix for analysis in duplicate with the cytokine monkey magnetic 28- 
RESULTS

Intrabronchial inoculation of rhesus macaques (RMs) with
VZV does not result in viral replication and engenders minimal cytokine production. In order to establish a robust animal model of varicella-zoster virus (VZV) infection, we chose the previously characterized wild-type (WT) strain KMcC at a low passage number (56, 69, 72, 73) . Four male rhesus macaques 4 to 5 years of age were infected intrabronchially with 1 ϫ 10 6 PFU of cell-associated WT VZV KMcC. VZV viral loads were determined in whole blood (WB) and cells from bronchoalveolar lavage (BAL) fluid by quantitative real-time PCR (qPCR) using primers and probe specific for VZV ORF 21. Varicella rash was not observed, nor did we detect VZV DNA in WB (data not shown). In BAL cells, we were able to detect between 7 ϫ 10 2 and 2 ϫ 10 3 copies of VZV DNA per 100 nanograms of DNA at 3 days postinfection (p.i.), most likely a reflection of the input inoculum (Fig. 1A) .
In order to characterize the host response to VZV infection in rhesus macaques, we measured multiple cytokines, chemokines, and growth factors in BAL specimen supernatant and in plasma. In BAL specimen supernatant, only the proinflammatory cytokine IL-6, secreted by T cells and macrophages to stimulate an immune response during infection (reviewed in reference 74), showed a significant increase over the baseline level (day 0) on day 3 postinfection (P Ͻ 0.001) before returning to baseline levels at 14 days p.i. (Fig. 1B) . In plasma, we did not find significant changes in the concentrations of cytokines/chemokines/growth factors over baseline levels following VZV infection (data not shown).
VZV inoculation induces a B cell response in both the lungs and peripheral blood. To continue our characterization of the immune response in RMs infected intrabronchially with VZV, we determined the kinetics and magnitude of B cell proliferation in response to infection using flow cytometry. Specifically, we measured the expression of Ki67, a nuclear protein involved in DNA replication (75) 
, and double-negative (DN) (IgD Ϫ CD27 Ϫ ) B cell subsets (76) in PBMC and cells from BAL fluid. To mediate protective immunity and develop immunological memory, the proliferation and clonal expansion of antigen-specific lymphocytes are critical. Although certain Ki67-positive cells may not be antigen-specific but undergo bystander activation/proliferation, determining changes in the kinetics and magnitude of Ki67 expression provides insight into the quality and quantity of the immune response to infection (77) , vaccination (78) , and cancer (79) . The proliferation of all B cell subsets in BAL samples peaked on day 14 postinfection (MZ-like, P Ͻ 0.05; memory, P Ͻ 0.001; and DN, P Ͻ 0.001) (Fig. 2A) . The proliferation of DN B cells in PBMC peaked at 7 days p.i. (P Ͻ 0.01), while the peak proliferation of memory B cells occurred at 17 days p.i. (P Ͻ 0.01) (Fig. 2B) . No significant proliferation of MZ-like B cells was measured in PBMC of RMs infected with VZV.
We measured the endpoint titers in plasma of VZV-specific IgG antibody directed against VZV-infected-cell lysate and against VZV glycoprotein E (gE) using standard ELISA (Fig. 2C) . Antibody responses to VZV lysate peaked at 14 days p.i., while the responses to VZV gE peaked at 17 days p.i. The antibody titers to both viral lysate and gE remained significantly increased over the baseline levels through the end of the study. We also assessed neutralizing antibody titers following the inoculation of RMs with VZV using plaque reduction assays (Fig. 2D) . Despite the lack of VZV replication, VZV inoculation of RMs resulted in the generation of a neutralizing antibody response at 84 days p.i.
VZV inoculation induces a T cell response both in the lungs and in peripheral blood. We also determined the kinetics and magnitude of T cell proliferation in response to VZV infection by measuring the frequency of Ki67-positive central memory (CM) (CD28 ϩ CD95 ϩ ) and effector memory (EM) (CD28 Ϫ CD95 ϩ ) CD4 and CD8 T cell subsets both in cells from BAL fluid (Fig. 3A and B) and PBMC ( Fig. 3C and D) . In cells from BAL fluid, CD4 CM and EM T cells underwent a significant proliferative burst following VZV infection that peaked at 7 days p.i. (P Ͻ 0.001), while CD8 CM and EM T cell proliferation peaked at 10 days p.i. (P Ͻ 0.001). In PBMC, both CD4 and CD8 CM T cells proliferated significantly following VZV infection, peaking at 7 days p.i. (P Ͻ 0.001), in contrast to CD4 or CD8 EM T cells, which did not proliferate.
Additionally, we determined the frequency of VZV-specific T cells within CD4 and CD8 T cell populations by measuring the frequency of IFN-␥-producing cells following stimulation with either VZV lysate or VZV overlapping peptide pools covering ORFs 4, 31, 62, 63, and 67 using intracellular cytokine staining. VZV-specific T cell responses were detected both in cells from BAL fluid (Fig. 3E and F) and PBMC ( Fig. 3G and H) isolated from infected RMs. In response to VZV lysate stimulation, VZV-specific CD4 T cells were detectable in BAL samples from 7 days p.i. through the end of the study, whereas minimal IFN-␥ production from CD8 T cells was measured. In response to stimulation with VZV peptides, the frequency of VZV-specific CD4 and CD8 T cells in BAL samples peaked between 14 and 21 days p.i., after which the frequency declined. In PBMC, VZV-specific CD4 T cells were significantly increased at 7 days p.i. (P Ͻ 0.001) and VZV-specific CD8 T cells were significantly increased at 14 days p.i. (P Ͻ 0.01) in response to lysate. Similarly, in response to VZV peptides, the frequency of VZV-specific CD4 T cells from PBMC peaked at 7 days p.i., while the CD8 T cell response peaked at 14 days p.i. Overall, the T cell responses in cells from BAL fluid were larger than those observed in PBMC, and the T cell responses to lysate were larger than those to peptide pools.
Previous exposure to VZV results in earlier clearance of SVV viral load in lungs and blood. To assess the extent of cross-protection conferred by VZV infection against SVV, we challenged VZV-immune RMs 26244 and 26362 with 4 ϫ 10 5 PFU SVV intrabronchially 189 days post-VZV inoculation, along with VZV-/ SVV-naive control RMs (n ϭ 4). Varicella rash was observed in all VZV-naive RMs, while no rash was detected in VZV-immune RMs infected with SVV (data not shown). SVV viral loads were determined in WB and cells from BAL fluid by qPCR using primers and probe specific for SVV ORF 21 as previously described (68) . Compared to the viral loads in VZV-naive RMs, the SVV viral loads in BAL samples from both RM 26244 and RM 26362 were significantly lower at 7 days p.i. (P Ͻ 0.001) and were below our limit of detection by 14 days p.i. (Fig. 4A) , resulting in an overall lower viral burden (area under the curve, P ϭ 0.05). Within whole blood, SVV DNA was detected at 3, 7, and 10 days p.i. for VZV-naive animals but was only detectable at 3 days p.i. for VZV-exposed RMs (Fig. 4B) . Previous exposure to VZV results in earlier antibody production in response to SVV infection. Overall, the kinetics of B cell proliferation in response to SVV infection were similar in VZV-immune and VZV-naive RMs (Fig. 5) . Within cells from BAL fluid, the peak of proliferation (14 days p.i.) in all B cell subsets was greater in VZV-naive RMs (Fig. 5A to C) . The proliferation of MZ-like and DN B cell subsets in RM 26362 was significantly reduced at 14 days p.i. (P Ͻ 0.01 and P Ͻ 0.05, respectively) compared to their proliferation in VZV-naive RMs. However, in PBMC, the proliferation of MZ-like, memory, and DN B cell subsets from RM 26244 occurred earlier or attained higher peaks than observed in VZV-naive animals. The proliferation of memory B cells in RM 26362 at 10 days p.i. was also higher than in VZV-naive animals.
Interestingly, on the day of SVV challenge, the SVV-specific antibody titers were not significantly higher than the background levels in RM 26244 or RM 26362, suggesting that there were no SVV crossreactive antibodies in VZV-immune animals. Nevertheless, VZV-immune animals developed significantly higher titers of SVV-specific antibodies at 7 and 10 days p.i. (RM 26244, P Ͻ 0.0001, and RM 26362, P Ͻ 0.01) than did the VZV-naive animals (Fig. 5G) . Despite the earlier development of an SVV-specific IgG response, RM 26362 established a significantly lower plateau SVV IgG titer at 56 days p.i. (P Ͻ 0.01) than did the VZV-naive RMs. The titer of VZV-specific antibodies to viral lysate also increased after SVV infection (Fig. 5H) , but the titer of antibodies specific to VZV gE did not increase (Fig. 5I) .
Previous exposure to VZV results in earlier T cell proliferation and increased IFN-␥ response to SVV infection in BAL fluid. We measured the proliferation of CD4 and CD8 CM and EM T cells in BAL samples (Fig. 6A to D ) and in PBMC (Fig. 6E to H) following SVV challenge. In BAL samples, T cell memory subsets from VZV-immune RMs proliferated earlier in response to SVV infection than did those from VZV-naive RMs. Specifically, at 7 days p.i., the CD8 EM T cell proliferation was greater in RM 26244 and RM 26362 than in VZV-naive RMs (P Ͻ 0.001) (Fig.  6D) , and a trend toward earlier CD4 and CD8 CM proliferation was also detected (Fig. 6A and B) . Moreover, memory T cell proliferation ceased earlier in VZV-immune RMs, especially within CD8 T cells, than it did in VZV-naive RMs (RM 26362 CD8 CM 14 days p.i., P Ͻ 0.05; RM 26362 CD8 EM 14 days p.i., P Ͻ 0.0001; and RM 26244 CD8 EM 14 days p.i., P Ͻ 0.001). In PBMC, earlier proliferation in VZV-immune RMs is also seen in CD8 CM (RM 26362, P Ͻ 0.05) and EM T cells at 7 days p.i., while the proliferation of CD4 T cells is comparable with that in VZV-naive RMs.
Lastly, we determined the frequencies of SVV-specific CD4 and CD8 T cells by measuring the frequency of IFN-␥-producing cells following stimulation with either SVV lysate or overlapping peptide pools covering SVV ORFs 4, 11, 16, 31, and 37 using intracellular cytokine staining. The percentages of IFN-␥-positive cells in PBMC and BAL samples responding to the peptide pool from VZV-immune animals were too low to be informative (data not shown). In response to SVV lysate, CD4 and CD8 T cell responses both from cells from BAL fluid and from PBMC isolated from VZV-immune RMs appeared earlier and reached a higher peak (Fig. 7) . In cells from BAL fluid, the percentages of responding CD4 T cells from RM 26244 and RM 26362 were significantly increased over the percentages from VZV-naive RMs on days 7 (P Ͻ 0.001 and P Ͻ 0.01, respectively) and 14 (P Ͻ 0.01 and P Ͻ 0.001, respectively) postinfection (Fig. 7A) . Interestingly, animal 26362 had detectable SVV-specific CD4 T cells on the day of SVV challenge, suggesting the presence of cross-reactive CD4 T cells. The frequencies of SVV-specific CD8 T cells within BAL samples from RM 26244 on days 7, 14 and 28 postinfection were greater than those observed in VZV-naive RMs (P Ͻ 0.01, P Ͻ 0.0001, and P Ͻ 0.01, respectively) (Fig. 7B) . Within PBMC, the SVVspecific CD4 T cell responses were initially (7 days p.i.) higher in VZV-immune animals, but subsequently, the CD4 T cell responses were either lower in VZV-immune animals or comparable between the two groups. The frequencies of SVV-specific CD8 T cells from RM 26244 were significantly higher at 7 days p.i. 0.01) and 21 days p.i. (P Ͻ 0.001) than they were in VZV-naive RMs ( Fig. 7C and D) . SVV but not VZV establishes latency in sensory ganglia. VZV viral DNA loads were measured in the ganglia from the two VZVinfected RMs that were euthanized at 84 days p.i., and VZV and SVV viral DNA loads were measured in ganglia from RM 26244 and RM 26362, which were euthanized 56 days post-SVV challenge. Table 1 displays the SVV DNA viral loads measured in the sensory ganglia by qPCR. We were unable to detect VZV DNA by qPCR in the sensory ganglia, including the trigeminal and cervical, thoracic, and lumbar/sacral dorsal root ganglia in all four animals (data not shown). In contrast, we were able to detect SVV DNA in the trigeminal and cervical dorsal root ganglia from RM 26244 and in the cervical dorsal root ganglia and thoracic dorsal root ganglia from RM 26362.
DISCUSSION
The investigation of features of varicella-zoster virus biology and pathogenesis has been hampered by the species specificity of this virus. Previously, we have successfully reproduced cardinal features of VZV infection in humans in a rhesus macaque animal model using intrabronchial infection with SVV. Our current study sought to characterize disease progression, viral replication, immune response, and the establishment of latency in rhesus macaques following intrabronchial infection with wild-type VZV and subsequent challenge with SVV. In this initial study, we used the well-characterized wild-type VZV KMcC strain (56, 69, 72) in our rhesus macaque model. The current study sets the groundwork to evaluate novel vaccine strains and to assess the impact of alterations in the manufacture of vaccines on immunogenicity in future experiments. We were unable to measure amplification of VZV DNA at the site of inoculation, the lungs (via BAL sampling), or in the blood of rhesus macaques intrabronchially infected with VZV KMcC. Our results are similar to those of previous studies using (i) primary intratracheal and secondary intravenous inoculation of cynomolgus macaques with parental Oka strain (58), (ii) subcutaneous inoculation of rhesus macaques in both thighs with VZV OKA or KMcC (72) , and (iii) intratracheal and subcutaneous inoculation with the CaQu or SPu strain of VZV in patas monkeys (57) . Alternatively, following infection of common marmosets with VZV KMcC via a combined oral-nasal-conjunctival route, virus was detected in lung tissue by coculturing lung tissue from 6 to 7 days p.i. with MRC-5 cells, indicating the likelihood of low-level VZV replication (56) . Collectively, these data indicate that VZV is strictly a human pathogen in terms of significant virus replication and disease induction.
We were also unable to document latent VZV in our rhesus macaque model, and no previous studies that we know of have recovered VZV DNA from sensory ganglia of infected monkeys. These observations are markedly different from those made in rodent studies, where VZV DNA was detected in the dorsal root ganglia (DRG) of rats after subcutaneous injection of VZV-infected cells along the spine (80) or after unilateral inoculation in footpads or the paraspinal region with cell-free VZV, despite the absence of viremia (81) . The reasons for the differences in virus trafficking to the ganglia between the rodent and nonhuman primate studies could be the site of inoculation (subcutaneous inoculation of footpad or along spinal cord may provide easier access to the neuronal axons), altered viral protein function in different species, lack of cellular receptors, or a combination of these. Our intrabronchial infection model requires VZV to traffic from the lungs to the neurons either via the hematogenous route to sensory ganglia (49) or via retrograde transport from skin lesions (50, 82) . Both of these routes require viral replication and infection of T cells, which were not observed in this study. A possible improvement of the nonhuman primate model could be to inoculate rhesus macaques with VZV-infected T cells, providing a vehicle of transport to both the ganglia and the skin. Another alternative is to derive a rhesus-adapted VZV strain to increase the virus tropism in rhesus macaques.
Overall, cytokine production in the lungs and plasma of rhesus macaques following inoculation with VZV was limited and correlated with the lack of viral replication we observed. IL-6, which was the only significantly increased cytokine in the lungs, is secreted by T cells and macrophages in response to tissue damage or infection (74) , and thus, the increased expression of this proinflammatory cytokine is likely due to the activation of these cells present in the lungs at the time of inoculation. Despite the limited antigen availability and small B cell proliferative burst, VZV-specific antibodies (both binding and neutralizing) were detected in all animals. Measurable binding antibody responses were also detected in previous studies investigating VZV infection of monkeys (56) (57) (58) 72) . The peak VZV-specific IgG titers, however, were 1 to 2 log lower than the IgG titers we observed in rhesus macaques infected with SVV intrabronchially (68), most likely due to reduced antigen load in the absence of viral replication. Similarly, the kinetics of T cell proliferation in both BAL and PBMC samples in response to VZV infection are similar to those observed following SVV infection, but the magnitude of proliferation is substantially decreased, which is most likely a reflection of the lack of VZV replication. In a previous study where cynomolgus macaques were infected with the parental Oka strain first intratracheally and then intravenously 12 weeks later, CD4 T cell proliferation peaked at 2 weeks postinoculation (58) . However, T cell proliferation was also observed in control animals inoculated intratracheally with uninfected cells, which suggests that the proliferative burst was not driven by viral replication. Moreover, peak T cell responses in the periphery were not detected until approximately 10 weeks postinfection (58) . In contrast, we detected peak T cell proliferation, as well as VZV-specific CD4 and CD8 T cells, 7 days postinfection. The differences in the kinetics of T cell proliferation and cytokine production between the study of Willer et al. (58) and ours could result from the inoculation route, the virus dose, the strain of VZV used, or the macaque species.
Because we observed no evidence of VZV replication or latency after VZV inoculation in rhesus macaques, we were presented with an opportunity to test whether a replication-deficient vaccine could protect against a live-virus challenge. Therefore, we challenged two of the VZV-inoculated animals intrabronchially with a dose of live SVV that consistently results in clinical disease and viremia in rhesus macaques (68, 83, 84) . Our data demonstrate that a replication-deficient-virus vaccination provides complete protection against clinical symptoms and partial protection against viral replication following a rigorous live-virus challenge and, therefore, merits further investigation.
Our observations are consistent with those of previous studies demonstrating that VZV inoculation of nonhuman primates provides partial protection against SVV challenge (57, 85) . In one study, patas monkeys (Erythrocebus patas) were inoculated intratracheally and subcutaneously with either the CaQu or SPu strain of VZV (57) . In addition, the animals inoculated with SPu were hyperimmunized with 5 weekly subcutaneous injections starting 22 days after the initial inoculation. Neither VZV immunization strategy resulted in clinical symptoms (rash). Similar to our observations, VZV was not recovered from lymphocyte or throat samples, although both strategies induced VZV-specific antibody titers in all animals. The animals were challenged via an intratracheal-subcutaneous route with the 592S strain of SVV more than 35 days after the last VZV immunization. Similar to our results described here, VZV-immunized animals did not develop rash after SVV challenge, while control nonimmunized animals developed overt disease. SVV was isolated from only two lymphocyte samples on days 3 and 5 postchallenge from two VZV-immunized animals, whereas SVV was isolated from lymphocytes, throat samples, or both from multiple days postinfection in all control non-VZV-immunized animals. These data are analogous to our viral load data, where we measured decreased SVV genome copy numbers in VZV-immunized animals early postchallenge compared to the SVV genome copy numbers in controls.
In another study, African green monkeys were immunized intramuscularly with VZV Oka alum-adsorbed gE, gB, or gH antigen or total VZV glycoproteins at 0, 4, and 8 weeks (85) . The animals were challenged with SVV by intratracheal and subcutaneous abdominal infection 2 weeks after the third immunization. Animals immunized with VZV gB or gH displayed partial protection from SVV challenge, as indicated by reduced severity of viremia and rash, while immunizing with VZV gE was the least effective regimen. Likewise, we measured a boost in IgG antibody titers in response to VZV lysate at 7 days post-SVV challenge, while VZV gE-specific IgG titers remained unchanged after SVV challenge. These observations suggest that memory B cells specific for VZV gE are not capable of cross-recognizing SVV gE. Alignment studies indicate that gE has the lowest amino acid identity and gB the highest between VZV and SVV, which could account for why SVV did not boost anti-VZV gE antibodies in our study and why it was the least protective immunization strategy in the earlier study (86) .
Taken together, our studies demonstrate that despite the lack of VZV replication, VZV-immune RMs compared to VZV-naive RMs after SVV challenge displayed (i) no clinical symptoms, (ii) decreased peak SVV DNA viral load in lungs and earlier clearance in lungs and whole blood, (iii) decreased peak proliferation of B cells in the lungs, (iv) earlier production of SVV-specific IgG, (v) earlier and shorter duration of memory T cell proliferation in the lungs, and (vi) earlier and increased frequency of IFN-␥-producing SVV-specific T cells in the lungs. Our studies show that prior VZV infection is not capable of completely preventing infection by SVV, although immunization significantly reduces the burden of disease, likely due to the earlier and increased induction of virus-specific antibodies and T cells. SVV-specific antibodies were absent on the day of SVV challenge, whereas low numbers of cross-reactive T cells were detected, which suggests that T cells could play a more crucial role in protection from SVV challenge. The presence of cross-reactive CD4 T cells was particularly notable in VZV-immune RM 26362 (Fig. 7) . These data, although preliminary, are in agreement with our previous data that CD4 T cell responses are more critical than CD8 T cells or antibodies in the resolution of SVV infection (83) . Replication-defective herpesvirus vaccine candidates have been reported for herpes simplex virus 2 (87) and cytomegalovirus (88) ; our data suggest that this approach may also be feasible for varicella-zoster virus.
